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White Etching Cracks (WEC) are currently discussed as a common cause for premature failure of roller bearings 
in various applications. The formation mechanism of WEC is still under debate in the literature. However, it is 
emphasized that varying additional loads like electrical current or hydrogen, have an amplifying effect on the 
formation of WEC. In this work, the formation of WEC under the influence of electrical current was investigated. 
The testing was conducted on a three-ring on roller test rig using rollers made from the steel AISI/SAE 52100. 
These rollers were tested utilising different electrical polarities, current intensities, Hertzian pressures and slide- 
roll-ratios. As a result of the testing, possible WEC formation values for the tested electrical intensities and 
Hertzian pressures were found. Furthermore, no additional slip has to be present for the WEC formation under 
the influence of electrical current. Detailed microstructure analysis using scanning electron microscopy (SEM), 
electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) have been conducted to 
investigate the effect of electrical current, polarisation and slide-roll- ratio on the microstructural alterations. The 
analyses showed that in the investigated regions different reaction layers are formed depending on the electrical 
polarity. Furthermore, the formation of the nanocrystalline structure can be attributed to high local plastic 


deformation. 


1. Introduction 


White etching cracks (WEC) are one of the dominant failure modes of 
roller bearings. Although this damage has been observed in different 
applications, such as rail systems or automotive vehicles, it significantly 
affects wind turbine gearboxes, particularly regarding their economic 
consequences [1]. As a result of branched crack networks associated 
with an altered microstructure termed white etching areas (WEA), the 
damage appears as cracking or flaking of the bearing component. The 
affected areas appear white under a light optical microscope (LOM) by 
etching with nitric or picric solution. While the microstructural char- 
acteristics of the affected areas have been extensively studied, there is no 
consensus regarding the WEA/WEC initiation and propagation mecha- 
nism. Various attempts have been made to explain the chemical-physical 
processes involved in WEA/WEC formation, but none can explain all 
experimentally observed phenomena. Besides, it is emphasized that 
different drivers such as contact parameters and additional loadings can 
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affect or trigger the WEA/WEC formation [1-4]. 

The premature bearing failure related to white structure flaking or 
axial cracking represents a distinct subsurface fatigue mode. In partic- 
ular, bearing lifetime calculation methods like DIN ISO 281 cannot 
describe these failures. Bearing failures associated with WEA/WEC 
typically occur in 1-20% of the calculated Lo lifetime [5-8]. The failure 
mode is characterised by a microstructural alteration which can be made 
visible via metallographic examinations, e.g. when etched with nital. 
Depending on its chemical composition, the altered microstructure ap- 
pears white or dark within the martensitic matrix. The appearance is 
also determined by the crystalline structure of the WEA and its defect 
structures such as grain boundaries, precipitates and dislocations. 
However, there are distinct microstructural differences within a WEA. 
The grain size varies between several nm to half a um. Different crystal 
orientations and grain shapes can be detected as well [9]. As part of WEA 
formation, carbides dissolve within the WEA due to high local disloca- 
tion density [10,11]. Although stated differently in earlier literature 
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[12], the chromium (Cr) and carbon (C) contents within the WEA are 
reduced compared to the surrounding matrix [13]. Due to the Hall-Petch 
relationship, the WEA is harder than the surrounding material [13]. 
Additionally, new grains within the WEAs are formed during a recrys- 
tallisation process shown by various investigations [14,15]. Liet al. [16] 
classified the WEA as deformed or transformed. Deformed WEA is 
mainly composed of body-centred cubic (bcc) nano-ferrite, while 
transformed WEA involves shear-driven amorphisation and consists of 
an amorphous phase and nanocrystallites [16]. Cracks that are in direct 
relation to the WEAs are called White Etching Cracks. 

In the literature, two possible formation mechanisms regarding 
WEA/WEC exists. On the one hand, it is assumed that an initial crack 
formation occurs. As a result of the rubbing or beating of the newly 
formed crack flanks, microstructural alteration occurs [17,18]. The 
WECs then gradually develop with increasing exposure to the cycling 
loading, resulting in cracking or flaking of the surface [17,19]. 

On the other hand, the second mechanism describes WECs as the 
result of the microstructural alteration (WEA). It is suggested that 
initially the WEA is formed as a result of local plastic deformation. Local 
stress concentrations at dislocation pile-ups such as grain boundaries, 
carbides or inclusions enhance the formation process [4,9]. The 
following low-temperature recrystallisation transforms the former 
martensite grains to nanocrystalline ferrite grains [15]. Here, carbon 
plays an essential role in stabilising the newly formed grains [20]. 
Accordingly, the cracks will be initiated at the interface between the 
matrix and the WEA. The WECs will grow during the ongoing rolling 
contact until they reach the surface and produce white structure flaking 
or axial cracking. 

Regardless of the ongoing debate about the possible formation 
mechanism, there is substantial agreement in the literature that WEA/ 
WEC formation is caused or accelerated by different drivers. For 
example, WEA/WEC can be triggered by transient conditions, distinct 
slippage, high temperature or diffusible hydrogen [1,2,7]. In addition, 
recent studies have shown that the lubricant and its additives can in- 
fluence WEA/WEC formation [21]. 

Paladugu et al. [22,23] concluded that WEA/WEC is a surface-driven 
phenomenon and that the additives used play an essential role in the 
formation of WEA/WEC. In particular, metal-containing additives such 
as zinc and calcium were mentioned and sulphur. It is worth noting that 
the WEA/WEC-critical oil contained a large amount of water. Besides, 
the author came to the conclusion that slip or stray electrical currents 
must be present at the rolling contact for the formation of WEA/WEC. In 
addition, it was found that by modifying the contacting surfaces through 
embedding abrasive particles in the surface, the WEA/WEC damage 
mode can be suppressed since the tribochemical reactions leading to the 
subsurface damage were influenced. A detailed explanation of the 
various WEC drivers can be found in Evans et al. and Lopez et al. [1,2]. 
Also, the passage of electrical current is known to trigger bearing failure 
by WEA/WEG, e.g., wind turbine bearings are often subjected to elec- 
trical potentials or currents. Electrostatic charging of the rotor blades or 
the presence of generators after the gearbox can cause electrical current 
flow at roller bearings. Furthermore, the trend towards more compact 
designs and mechanical integration of the main bearing, gearbox and 
generator [24] does not facilitate complete electrical insulation. In 
addition, converters are suspected to generate electrical current flows in 
roller bearings [25]. 

Even though many studies have shown that the electrical current 
flow in the rolling contact cannot be the main cause of the WEA/WEC 
formation, some studies have nevertheless pointed out that the electrical 
current flow can play a decisive role. According to the postulated WEA/ 
WEC failure mechanisms, two possible roles are attributed to the elec- 
trical current flow. 

Firstly, the authors in Refs. [26-28] suggest that an electrical current 
flow through the material directly affects its microstructure and prop- 
erties. In Scepanskis et al. [26,27], it is hypothesised that electrical 
current flow in regions of high conductivity and high susceptibility, e.g. 
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around carbides, can generate local heating effects that ultimately lead 
to the formation of the microstructural alteration. The authors proposed 
that mainly electrothermally generated stresses are the cause of the 
microstructural alteration. Thus, in Ref. [3], it is presumed that the local 
heating effects can create lattice defects and foster the migration of 
chromium, carbon and hydrogen. In conclusion, localised plastic 
deformation leads to carbide degradation and the formation of the 
carbon supersaturated nano-ferritic microstructure. However, in a more 
recent work by Birjukovs et al. [29], it was found that the predicted 
thermally induced stresses are not severe enough to cause local 
deformation. 

Ina study by Gould et al. [28], a combination of electrical current and 
over-rolling stress is seen as the primary driver of electrically induced 
WEA/WEC formation. The mechanical stresses of over-rolling, com- 
bined with electrically enhanced dislocation movements, lead to local- 
ised embrittlement around stress concentrators. Finally, cracking 
occurs, followed by the formation of WEA [28]. 

Secondly, according to a series of studies, the electrical current flow 
plays an indirect role in triggering WEA/WEC formation [25,30-33]. 
Namely, the electrical current flow promotes free hydrogen radicals, 
resulting in an increased hydrogen content in the bearing material. The 
formation of the free hydrogen radicals is explained by the decomposi- 
tion or dissociation of the used lubricant. From various investigations, 
an increased hydrogen content could be detected in materials that failed 
due to WEA/WEC [30,34,35]. According to Loos et al. [36], the cathodic 
WEC fatigue mechanism is triggered when small electrical currents 
(<25 pA) caused by electrostatic charge separation interact with specific 
lubricant formulations. Furthermore, electrochemical processes are 
involved, and hydrogen cations are generated. Characteristically, the 
cathodic WEC fatigue mechanism is only causing failure at the cathodic 
rings [36]. 

In contrast, WEC-induced failures at comparatively high electric 
currents are explained using the energetic WEC fatigue mechanism [33]. 
As a result, the electrical current intensities exceed the dielectric 
strength of the lubricant causing electrical discharge events. Thermal 
dissociation of the lubricant generates hydrogen radicals (e.g. hydro- 
carbon or water molecules). A small portion of the formed hydrogen 
radicals can be absorbed at the anodic and cathodic rings and increase 
the hydrogen content of the bearing components. The results in Ref. [33] 
show that electrical current densities greater than 0.01 A/mm? can be 
related to the energetic WEC fatigue mechanism. Furthermore, it is 
found that higher electrical currents tend to provoke WEA/WEC, espe- 
cially at the anodic part. Mikamiet al. [30] explain this with an increased 
wear at the electrical positive pole. 

Previous investigations regarding the influencing parameters such as 
the electrical current passage are mainly based on tests with component- 
level test rigs, where complete bearings are tested [30,31,33]. Further- 
more, tests using benchtop test rigs, like a three-ring on roller, were 
conducted under severe tribological conditions using slide roll-ratios up 
to 30% [28]. 

This work aims to determine to what extent the contact parameters 
load and slip influence the damage of the material due to WEA/WEC 
formation under additional electrical direct current flow. This work 
presents 26 tests on a ZF-type modified rolling contact fatigue test rig 
using rollers made from the steel AISI/SAE 52100. The rollers were 
tested utilising different electrical polarities and current intensities to 
obtain possible WEA/WEC formation values for the varied testing pa- 
rameters. Testing conditions were based on the tribological contact 
conditions of a cylindrical roller thrust bearing. Moreover, microstruc- 
tural investigations were performed to investigate the effect of the 
varied testing parameters on the microstructural alterations in the 
bearing steel. As a result, this research contributes to a deeper under- 
standing of the impact of the above-described drivers on WEA/WEC 
damage. 
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2. Experimental methods 
2.1. Rolling contact test rig and testing conditions 


Testing was conducted on a ZF-type modified rolling contact fatigue 
test rig. The test rig was used in Oezel et al. [9] to study the influence of 
diffusible hydrogen on WEA/WEC formation. In Fig. 1 the schematic 
drawing of the rolling contact fatigue (RCF) test principle and the used 
specimen geometry is shown. The sample has a diameter of 36 mm anda 
working surface of 3.0 mm width. Three driven loading rollers with a 
diameter of 80 mm are evenly spaced around the test specimen. Two of 
the three rollers are held by stationary bearings radial to the centre line 
of the machine. The third one is mounted in a pivoted cantilever arm. 
The radial load to press the roller onto the specimen surface is exerted by 
a small hydraulic piston connected to the end of the cantilever arm. 
Exchangeable gear drives set the relative sliding speeds in the contact 
zone. 

The rollers used in this study were made of the SAE 52100 bearing 
steel (DIN 100Cr6, material no. 1.3505). The chemical composition had 
been determined using an optical emission spectrometer and is pre- 
sented in Table 1. The normalised values according to Ref. [38] are also 
shown. Before heat treatment, the specimens were turned according to 
the geometric specifications provided in Ref. [37] (Fig. 1). The speci- 
mens were austenitised at 830 °C for 60 min after turning and quenched 
in oil at 60 °C. A tempered martensite with a hardness of 62 + 0.5 HRC 
was obtained by tempering at 230 °C for 2 h. After heat treatment, the 
rollers were ground to the required run-out tolerance of 0.01 mm with 
an outside diameter of 36 + 0.005 mm. The load rollers were made from 
the powder metallurgical high speed steel HS6-5-3-8, with a measured 
hardness of 66 HRC. 

Under line contact conditions, the following equation for the Hert- 
zian pressure applies and illustrates the effect of geometry: 


Fy x (242) 
rE E] 


(b: length of contact, r;: sample and roller radii, F,: normal load in the 
contact, vi, Ei: sample and roller Poisson’s ratio and Young’s modulus). 

Under line contact conditions, approximately a rectangular contact 
area Ay, is formed, which can be determined from the contact width 2a 
and the length of contact b. The half-contact width a is calculated ac- 
cording to Foppl’s equations [40], considering the radii and the elas- 
ticity constants: 
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(at) Ca a 


The length of the contact b can be seen in Fig. 1. 

In this work, tests were performed by using slide-roll-ratios (SRR) of 
0% and —8%. Hertzian pressures from 1050 MPa to 1900 MPa were 
selected. All tests were run using a commercial mineral oil ISO VG 100 
and a driving speed of 1450 rpm. The testing conditions resulted in a 
specific lubrication film thickness X of 1.0 - 1.4. The specific lubrication 
film thickness A was calculated in the same manner as in Ref. [41]. The 
used lubricant is known to induce WEA/WEC [42,43]. The oil temper- 
ature during testing was constantly 60 + 2 °C. The additive composition 
of the oil was determined using ICP-OES [44] and is presented in 
Table 2. The oil contains metallic additives like calcium, magnesium and 
zinc. Phosphorus and sulphur, are also present. The exact formulation of 
the inserted additive packages is not known. However, the usage of 
calcium, magnesium, zinc and phosphorus indicates that the oil 
formulation does use the two prevalent WEA/WEC-critical additives, 
zinc dithiophosphate (ZDDP) and over-based calcium sulfonate 
(OBCaSul). 


2.2. Modification of the rolling contact test rig for electrical current flow 


The test rig was retrofitted to carry out tests with an additional 
electrical current flow through the three contact zones. For this purpose, 
the test specimens and the shafts of the load rollers were electrically 
insulated. The electrical contact was made using carbon brushes and slip 
rings, which were mounted on all four shafts. For the continuous, direct 
current flow, the Straton voltage regulator type 3253.1 was used. 

The modified test rig and a scheme of its electrical circuit are shown 
in Fig. 2. Here Up represents the input voltage at the voltage regulator. Ry 
represents a negligible residual resistance, which is present due to the 
carbon brushes and power lines. If a direct electrical current runs 
through the rolling contact, the lubricating gap acts as an ohmic resis- 
tance (Rre1, Rre2, Rre3). At low electrical currents, in which the dielectric 
strength of the lubricant is not exceeded, the contact behaves capaci- 
tively. The capacity of the contact is high when no electrical current 
flows through the contact [45]. In addition, as shown in Fig. 2 the main 
shaft is insulated with a PVC square and can be represented as a 
capacitor with the capacitance Csquare- 

In consequence of the parallel circuit, the partial voltages at each 
rolling contact result in the following total voltage Utot: 


Ur = Uo U} U; U3 U, (3) 


When a direct current (DC) voltage is applied, the design of the test 


Fig. 1. Schematic drawing of RCF test principle (left) and specimen geometry (right) [37]. 
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Table 1 
Chemical composition of the steel SAE 52100 [wt. %]. 
Elements G Si Mn P S Cr Mo Al Cu 
Measured values 1.02 0.30 0.30 0.01 0.01 1.41 0.05 0.04 0.18 
Normalised values [39] 0.93-1.05 0.15-0.35 0.25-0.45 max. 0.025 max. 0.015 1.35-1.60 max. 0.10 max. 0.05 max. 
0.3 


Table 2 
Additive composition of the two oil formulations according to ICP-AES [44]. 


Elements Calcium [mg/ Magnesium [mg/ Boron [mg/ Zinc [mg/ Phosphorus [mg/ Barium [mg/ Molybdenum [mg/ Sulphur [mg/ 
kg] kg] kg] kg] kg] kg] kg] kg] 
Oil 60 2504 32 682 560 0 1 9322 
brushes 


DC Source 


load roller 


electrical insulation 


I 


Cc 


square 


U, 


Fig. 2. Modified test rig (left) and electrical circuit (right). 


rig results in a division of the total current into partial currents. Ac- 
cording to Kirchhoff’s node rule, the following relationship exists [46]: 


To =h=ht+h+h (4) 


For the tests under electrical current, a mean electrical current 
density J [A/mm?] was chosen as the setting variable. The electric 
current density J is calculated as the quotient of the Hertzian contact 
area Ay, and the electric current intensity Ikot: 


I, tot 


J= 
Ar: 


65) 


The Hertzian contact area Ay, was determined on the basis of the 
contact width 2a (equation (2)) and the contact length b. As it can be 
seen in equation (2) the half-contact width a increases linearly with the 
applied Hertzian pressure. Accordingly, for a constant electric current 
density J, the electric current intensity I increases linearly with the 
Hertzian pressure. In the present investigation the required electric 
current intensity Itot was therefore calculated for each experiment and 
set at the power source. 

For example, a Hertzian pressure of 1900 MPa resulted in a contact 
width 2a of 0.78 mm. The current to be set was 2.6 A. A Hertzian 
pressure of 1050 MPa lead to a contact width 2a of 0.43 mm and an 
electrical current of 0.4 A. In the case of the presented test rig, three 
contact zones have to be considered. 


2.3. Procedure of the metallographic investigation 


To verify the damage and to study the subsurface regions, the tested 
rollers were examined using standard metallographic techniques. The 


samples were prepared such that the cross-sections were examined 
(Fig. 3). The samples were mounted in warm embedding resin, ground 
and polished. In the last polishing step, a suspension of colloidal silica 
(OPS) was used. For LOM analysis the samples were subsequently etched 
with 3% nital solution. The image analysis and photography were car- 
ried out using a light microscope with a magnification of up to 1000 x . 

After imaging all samples by LOM and examining towards WEA/ 
WEC networks, electron-microscopical investigations were carried out. 
Beforehand, the samples needed to be polished again in order to remove 
the etching using 1 um and 0.25 um diamond suspension followed by 
OPS polishing. 

Scanning electron microscopy (SEM) analyses have been performed 
using the JSM-7000F SEM by JEOL. Orientation contrast backscatter 
electron (BSE) images have been obtained at 10 keV electron energy and 
low working distances of 5-7 mm using a YAG BSE detector by Autrata. 
Combined EDX/EBSD analyses have been performed with a Pegasus 
system by Ametek-EDAX consisting of an Octane Plus SDD energy 
dispersive (EDX) detector and a Hikari electron backscatter detection 


raceway 


axial section 


cross-section 


Fig. 3. Procedure for metallographic analysis of the rollers. 


F. Steinweg et al. 


(EBSD) camera. The measurement areas have been scanned with a step 
size of 50 nm at 15 keV electron energy and probe currents of approx- 
imately 30 nA using OIM Data Collection V 7.3. 

The datasets have been evaluated with OIM Analysis V 8.0. To 
display the results, various maps were chosen. Image Quality (IQ) maps, 
based on the quality of the taken backscatter kikuchi patterns, show 
different grain structures with a high resolution. They are used to 
distinguish between WEA and 100Cr6 martensite matrix and to evaluate 
transformed grain regions. However, IQ maps alone are not sufficient 
enough to distinguish between former martensite and the newly grown 
grains due to a phase transformation. Therefore, Kernel Average 
Misorientation (KAM) maps of the bcc phase with a confidence index 
(CI) larger than 0.1 are used. These maps show the local misorientations 
within grains in a defined kernel (distance of 100 nm). Such results are 
used to interpret local stress regions and reveal phase transformations or 
recrystallisation. Non martensite-martensite high angle grain boundary 
(non-Ms-Ms HAGB) maps show only all non-martensite-martensite 
boundaries ([47]). This means only former austenite, newly formed 
ferrite grain boundaries and carbides are displayed. Lastly, Inverse Pole 
Figure (IPF) maps of bcc with a CI > 0.1 are plotted to investigate 
possible texture changes. 

TEM samples were cut out from the roller surface to study the 
tribological surface modifications resulting from rolling contact. Sample 
preparation was done with a FEI Strata 400s Focused Ion Beam (FIB) and 
a Helios Nanolab G3 CX using a FEI Tomahawk™ FIB. Before sectioning, 
the reaction layer was protected with a sputtered gold layer. TEM in- 
vestigations were carried out using a Zeiss Libra 200 equipped with a 
Field Emission Gun (FEG) operating at 200 kV, a Bruker EDX detector, 
HAADF (Fischione) detector and using Digiscan°II (Gatan) to record 
STEM images. 


3. Experimental results 


This work aimed to investigate the formation of WEA/WEC under the 
influence of direct electrical current. The rollers were tested utilising 
different current intensities, electrical polarities, Hertzian pressures and 
slide-roll-ratios to obtain possible values for WEA/WEC formation of the 
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varied testing parameters. Furthermore, it was intended to identify how 
the damage responds concerning the parameters investigated. There- 
fore, the research approach was divided into the following steps: 


(1) Determination of electrical current densities J at which a WEA/ 
WEC formation occurs, 

(2) Stepwise reduction of Hertzian pressure from 1900 MPa to 1050 
MPa with a decrement of 200 MPa, 

(3) Reduction of SRR from —8% to 0%, 

(4) Change of the electrical polarity from cathodically connected test 
specimens to anodically connected test specimens. 


The tests were monitored using a vibration sensor and stopped 
automatically in case a vibration level surpassed a set threshold. 
Furthermore, in the course of the testing series, a maximum number of 
17.4 x 107 test cycles was defined as a stopping criterion. This corre- 
sponded to 2.5 times the contact cycles of the reference tests #6 and #7. 
The test conditions and results are summarised in Table 3. Metallo- 
graphic analysis was conducted on all rollers, except roller #11. Here, 
cross-sections were cut from regions where surface damages were 
visible. When the tests were stopped manually (cf. test #11, #21, #22) 
and no surface damage was visible, cross-sections were placed at the 
same inspection depth as the other tests. The analysis showed that 
samples with pittings failed due to extensive WEAs associated with crack 
networks. Besides, the non-failed tests without macroscopic damage 
showed white etching cracks under the track surface. 


3.1. Test results of the RCF test rig under the influence of electrical current 


The same tribological contact conditions as in Ref. [9] and those of a 
cylindrical roller thrust bearing of type 81212 were selected for the test 
series. However, as described in Section 2.2, the test rig was modified to 
apply a defined electrical current density between the specimen and the 
loading rollers. The tests #1-14 from Ref. [48] served as the starting 
point for the present study. The tests #1-7 were used to study the effect 
of different electrical current densities on WEA/WEC formation under 
the chosen contact conditions. The test specimens were cathodically 


Table 3 

Testing conditions and testing results. Samples printed in bold represent the samples used for detailed SEM and TEM investigations. 
Test # Hertzian pressure [MPa] SRR [%] Specific film thickness X [] Contact Cycles [- 107] Current density J [A/mm?] Polarity WEC Remarks 
1 1900 -8 1,26 0.25 1.80 cathodic No i 
2 1900 -8 1,21 1.78 0.75 cathodic Yes % 
3 1900 -8 1,23 1.09 0.75 cathodic Yes i 
4 1900 -8 1,14 1.43 0.37 cathodic Yes * 
5 1900 -8 1,15 2.69 0.37 cathodic Yes = 
6 1900 -8 1,14 5.00 0.10 cathodic yes S 
7 1900 -8 1,21 8.94 0.10 cathodic yes = 
8 1700 -8 1,08 12.3 0.10 cathodic yes * 
9 1700 -8 1,14 9.35 0.10 cathodic yes = 
10 1500 -8 1,15 11.5 0.10 cathodic yes a 
11 1500 -8 1,26 15.5 0.10 cathodic - ae 
12 1300 -8 1,39 9.69 0.10 cathodic yes & 
13 1050 -8 1,37 20.7 0.10 cathodic yes * 
14 1050 -8 1,26 25.5 0.10 cathodic yes * 
15 1900 0 1,01 15.4 0.37 cathodic yes * 
16 1900 0 1,10 15.1 0.37 cathodic yes kd 
17 1900 0 1,14 13.0 0.37 cathodic yes ie 
18 1900 0 1,04 8.53 0.37 anodic yes © 
19 1900 0 1,00 9.66 0.37 anodic yes * 
20 1900 0 1,00 5.14 0.37 anodic yes * 
21 1900 0 1,12 18.7 0.10 cathodic yes ur 
22 1900 0 1,01 17.4 0.10 anodic yes a 
23 1900 -8 1,09 1.17 0.37 anodic yes 7 
24 1900 -8 1,12 1.06 0.37 anodic yes f 
25 1900 -8 1,09 6.15 0.10 anodic yes s 
26 1900 -8 1,01 4.53 0.10 anodic yes a 
Remarks * Test bench switched off due to damage of the roller 


** Testing was stopped manually 
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switched and subjected to electrical current densities J of 0.10 A/mm? to regions on the raceway surface. For the following experiments the tests 
1.80 A/mm?. Six of these seven experiments failed due to WEA/WEC. #4-7 were selected as reference conditions. 

Only test #1 did not show any signs of WEA/WEC. SEM and LOM in- Next, tests were carried out to identify possible WEA/WEC formation 
vestigations revealed extensive micropittings and partially melted values. These tests maintained an electrical current density of 0.10 A/ 


|» Partially melted ES 


RD —> 


Fig. 4. Selected LOM cross-sections of the different test series showing WEA/WEC networks below the raceway. The test numbers are shown in the corners of the 
images. The rolling direction is in all micrographs from left to right. 
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mm?. Based on the tests #6-7, the Hertzian pressure was reduced 
stepwise from 1900 to 1050 MPa, keeping all the other test parameters 
unchanged. Except for test #11, all specimens failed due to WEA/WEC. 
Test #11 was stopped manually after 15.4 x 107 contact cycles and 
subsequent visual examination revealed micropitting on the raceway of 
the specimen. Since metallographic sectioning was conducted for test 
specimen #10, which was run under the same test conditions as #11, no 
further investigation was done for #11. 

In order to investigate the role of additional slip, a test series con- 
taining tests #15-17 and #21 was carried out. Here the SRR was set to 
0%, and electrical current densities of 0.10 A/mm? and 0.37 A/mm? 
were selected (cf. Table 3). The tests #15-17 with an electrical current 
density of 0.37 A/mm? failed due to extensive damage to the raceway 
surface. Subsequent metallographic investigations identified WEA/ 
WEC. Test #21 with an electrical current density of 0.10 A/mm? was 
stopped manually after 18.7 x 107 contact cycles showing some initial 
damage on the surface. Furthermore, WEA/WECs were formed under 
the surface. 

In the last step, tests #18-20 and #22-26 were used to investigate 
the influence of the electrical polarity on the formation of WEA/WEC. So 
far, the tests were run with a cathodic polarity. For this test series, the 
test specimens were switched anodically. The tests were performed at 
electrical current densities of 0.10 A/mm? and 0.37 A/mm. Following 
the previous test series, the tests were performed with and without 
additional slip. Firstly, the four tests #18-20 and #22 were carried out 
with an SRR of 0%. All samples exhibited microstructural alterations 
under the surface. Ultimately tests #23-26 were carried out under an 
SRR of —8% and electrical current densities of 0.10 A/mm? and 0.37 A/ 
mm?. The metallographic examinations proved a WEA/WEC formation 
below the raceway of all of the four test specimens. 


3.2. Metallographic investigation 


LOM examinations were carried out on all the samples with the 
omission of test #11. All the cross-sections exhibited WEA/WEC net- 
works except for test #1. Fig. 4 summarises the metallographic in- 
vestigations for the various test series. Due to the significant number of 
tests, representative cross-sections were selected. Additionally, some 
selected surface damages as well as the corresponding metallographic 
damages can be found in the appendix (see Fig. 16). 

Test #1 showed partially melted regions at the surface with a very 
high electrical current density (1.80 A/mm?). Therefore, the test was 
attributed to typical electrical bearing failure. The following tests with 
lower electrical current densities failed due to pittings associated with 
microstructural alterations. The observed damage patterns indicate that 
the pittings were caused by WEA/WEC formation. The depths and the 
orientations of the WEA/WEC networks varied noticeably with respect 
to the raceway (cf. Fig. 4). The WEA/WEC depths have been identified 
between 5 um and 800 um beneath the surface. A correlation to the 
location of the maximum equivalent stresses could not be identified. For 
the reference conditions, the depths of the maximum equivalent and 
shear stresses are in the range of 269 um and 306 um beneath the surface 
[37]. In general, it can be observed that in some sectional planes, the 
material was affected to a vast extent by WEA/WEC spreading out over a 
large area, e.g. test specimen #15. The WEA/WEC orientations exhibit 
vertical, horizontal as well as curved trends to the raceway surface. 

Furthermore, a preferred propagation of WEA/WEC with respect to 
the over-rolling direction has also been detected. Many of the WEA/ 
WECs propagated at an angle 0 of 20-45° to the rolling direction. 
Notably, the preferred crack propagation was observed in test specimens 
with and without additional slip. This is illustrated in the micrographs of 
tests #4 and #15. Moreover, it was found that a reduction of the Hert- 
zian pressure is not accompanied by a distinct change of orientation or 
locations of WEA/WEC. However, specimens under anodic charging 
exhibit a large number of horizontal WEA/WECs mainly near the surface 
(Fig. 4: #23 and #25). 
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3.3. Microstructural investigation 


To receive more in-depth information about the grain structure of the 
WEA, EBSD measurements were conducted at four different sample 
cross-sections. The sample selection is based on the general investigation 
approach of the present study: sample #4 as the reference test, sample 
#13 with a comparably low Hertzian pressure of 1050 MPa, sample #16 
with an SRR of 0% and sample #24 with an anodic polarity. Addition- 
ally, EDX measurements were performed for sample #16. 

Fig. 5 shows a BSE image of a WEA/WEC formed in sample #13. In 
this cross-section view, the rolling direction is orientated from left to 
right. The WEAs appear as light regions in the image and are flanked by 
cracks that appear dark in the depicted BSE mode. Notably, the cracks 
are adjacent to one side of the WEA. The two main cracks are also 
located below the WEA in relation to the raceway. Furthermore, the two 
cracks form a +45° angle to a parallel plane of the raceway. Fig. 6 shows 
the results of the EBSD measurements. The IQ and non-Ms-Ms-HAGB 
maps are plotted in the first row, followed by the KAM and IPF maps 
in the second row. The main part of the WEA consists of a nano- 
crystalline ferritic structure displayed in black since the grains in those 
regions are finer than the EBSD’s spatial resolution of ca. 50 nm, which 
is limited by the minimal interaction volume that depends on the exci- 
tation energy. The right part of the WEA consists of regions with larger 
grain sizes, shown with a high IQ value. The non-Ms-Ms-HAGB map 
alludes that the larger grains inside the WEA have been newly formed. 
This is supported by the low KAM values (blue areas) within these re- 
gions. The newly formed grains do not show any preferential crystal 
orientation in the plotted over-rolling normal direction (OND)-IPF map. 
The non-Ms-Ms-HAGB map shows no carbides within the WEA as car- 
bides are dissolved during the WEA formation. 

Fig. 7 displays the IPF and KAM maps of two WEAs as well as a BSE 
image of #4 and an IQ map of #16, which were formed under reference 
conditions (#4) and with an SRR of 0% (#16), respectively. The 
reduction of the SRR from —8% to 0% led to a tenfold increase of the 
contact cycles. It can be seen, that nanocrystalline WEA areas, which 
appear bright white in the BSE image of #4, are dark regions in the IQ 
map of #16 because the grain size is smaller than the spatial resolution 
of EBSD. The WEA’s KAM map of sample #4 exhibits newly formed 
equiaxed grains. The IPF map of #4 does not show any preferred crystal 
orientation, especially regarding the newly formed equiaxed grains. In 
contrast, test #16 shows high KAM values within the newly formed 
grains, and the IPF mapping (only the elongated grains within the WEA 
are highlighted in this plot) indicates preferred crystal orientations. To 
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Fig. 5. BSE Image of #13 showing the WEC connecting from subsurface to top 
surface growing at an angle of 45° to the surface of the roller. 
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Fig. 6. The results of EBSD measurement of the WEA in #13 show newly formed grains within the WEA. The grain size within the WEA varies from <50 nm to 
several hundred nanometres. OND-IPF map does not show any preferred grain orientation. Low KAM values indicate newly formed equiaxed grains. 


further analyse these grains, the OND-IPF map was modified to highlight 
the elongated alpha iron grains (>0.4 um) with an aspect ratio of <0.25. 
After harmonic series expansion the rolling direction (RD)-OND pol 
figures of the elongated grains were plotted in Fig. 8. The results show 
that for these elongated grains the plane traces of {110} fit to the <111> 
direction and are aligned with the grain shape of the grains. This in- 
dicates gliding on the {110} plane in <111> direction. The carbon and 
chromium EDX measurements of sample #16 show that carbon and 
chromium are part of a dissolution and diffusion process within the WEA 
(Fig. 9). Carbon is comparatively more homogeneously distributed than 
chromium. In the chromium map, elevated count rates can still be found 
with similar chromium intensities as for the (Fe,Cr)3C carbides in the 
undisturbed matrix. The elevated fractions are slightly smeared. 

The charging was changed from cathodic to anodic to investigate the 
influence of the polarisation on WEA/WECs. The change to an anodic 
charging of the samples resulted in lower contact cycles. SEM in- 
vestigations were carried out in near-surface regions to investigate this 
aspect (Fig. 10). In contrast to the cathodically charged samples, 
anodically charged samples showed many horizontal cracks in the 
subsurface of the rollers. Cross-sections were prepared and investigated 
with EBSD. The results are displayed in Fig. 11. The IQ Map shows an 
extensive region of refined grains at the surface layer. Many cracks 
parallel to the surface of the roller can also be observed in this region. 
Most of the cracks are identified as WECs containing WEA at the crack 


flanks. Some of the cracks show no evidence of WEA in the investigated 
cross-section. The anodic charging most likely causes these cracks. The 
grain refinement of the surface shows a clear difference in lattice strain 
compared to the grain refinement in the WEA regions. Near-surface 
grains show high local misorientations, while WEA grains show low 
local misorientations. This leads to the conclusion that the grain 
refinement within the WEA results from recrystallisation, leading to a 
nanocrystalline ferrite grain structure that is then stabilised by carbon. 
In contrast, the grain refinement in the surface regions results from 
plastic deformation, resulting in a non-transformed, refined, martensitic 
grain structure. However, both regions can coexist under the surface as 
we can see grains of high IQ values between the cracks and non- 
transformed regions. These grains with high IQ values also show low 
local misorientations and are thus a result of a recrystallisation process. 


3.4. Investigations of the tribological surfaces 


In this section, the tribological surfaces of four selected specimens 
were investigated. Before TEM, SEM images of the tribofilms were taken. 
The tribofilms of the samples #4 and #25 which were carried out under 
cathodic and anodic charging are shown in Fig. 17. Both tribofilms show 
a patchy occupancy; the cathodic surface seems denser, whereas the 
anodically charged sample #25 exhibits fewer but larger tribofilm 
islands. After protecting the surface with platinum and gold a TEM 
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Fig. 7. Results of the EBSD measurement of #16 and #4. While nanocrystalline WEA appear bright white in the BSE image they appear dark in IQ maps due to the 
spatial resolution of the EBSD. IPF maps of ferrite grains were plotted to show the different grain behaviour. While grains in #4 are growing equiaxed with low KAM 
values, grains in #16 are elongated with KAM values higher than the martensitic matrix structure (the Rolling direction is different for #16 because the SEM scan was 


not aligned to the rolling surface). 
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Fig. 8. Rolling direction — Over-roll normal direction pole figures for the elongated grains in sample #16. Only highlighted elongated grains are used in this plot after 
harmonic series expansion. It can be seen, that grain orientation goes along with <111> on the {110} plane. 


lamella was taken from the surface layers of sample #6, #16, #20 and 
#25. These specimens were chosen to investigate the effects of different 
electrical and rolling/sliding loads on the near-surface and bulk micro- 
structure. Images of these lamellae, displayed in Fig. 12, show the Z- 
contrast using STEM imaging. The Pt and Au protection layer, which 
were previously deposited on the raceway to protect the reaction layer, 
can be seen as the two white layers on top of the tribological surface. In 
the TEM micrographs, the reaction layer has a dark greyish, almost black 
appearance, suggesting it is lighter due to a lower atomic number (Z). 
Underneath the reaction layer, a plastic deformation zone can be 
partially recognised. A more refined microstructure usually character- 
ises this deformation layer compared to the bulk material. Due to the 
loading that occurs during the rolling contact, a grain size gradient exists 
in the radial direction with respect to the geometry of the roller. How- 
ever, in the present samples, the deformation layers are very heteroge- 
neous. The layer directly below the reaction layer consists partly of a 
very fine crystalline, near-equiaxial shape. In the selected contrast, it 
looks light-grey and is interspersed with black particles. For example, 


this is well-visible in the close-up of sample #16. Most likely, this layer is 
the outcome of the electrical and rolling/sliding loading. 

The primary difference between the cathodically charged samples 
and anodically charged ones is the nature of the reaction and defor- 
mation zone. The reaction layer of the cathodically charged sample #6, 
which experienced an electrical current density of 0.10 A/mm?, is 
adherent and continuous across the investigated surface. The fine crys- 
talline layer interspersed with black particles extends similarly homo- 
geneously along the investigated section. However, the deformation 
zone is not strongly marked and merges into the bulk material quickly. 
Furthermore, the interface between the reaction and deformation layers 
seems incoherent and rather abrupt. Additionally, EDX measurements 
were carried out to determine the chemical composition and build-up of 
the reaction and tribomutation layers. The TEM-EDX results from a 
selected area of the TEM lamella of sample #6 are shown in Fig. 13. Iron 
(Fe), oxygen (O), carbon (C), zinc (Zn), sulphur (S) and phosphorous (P) 
are present in the reaction layer. The elements are the result of tribo- 
chemical reactions between active metal surfaces of the sample 
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Fig. 9. BSE investigation (left) and EDX investigation regarding carbon (C) and chromium (Cr) (right) of sample #16. While carbon is fully dissolved inside the WEA, 
as there is no change in contrast seen, an ongoing dissolution of chromium can be seen, where the elements intensity is smearing (cf. dashed circle). 
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Fig. 10. SEM overview of the rollers surface layer inspected in the cross section view of cathodically (left) and anodically (left) charged samples. Anodic charging 
leads to the destruction of the top surface layer and axial cracking. 
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Fig. 11. The IQ-Map of the anodically charged sample #24 shows a refined grain area near the surface with many cracks containing WEAs. KAM-Map shows that the 
grain refinement at the surface is a result of a strong plastic deformation. 
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Fig. 12. TEM lamellae of four samples #6, #16, #20 and #25 including information about polarity, electrical current density and slip. 
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Fig. 13. STEM-HAADF image of the cathodic sample #6 (left) and TEM EDX mapping of Fe, O, C, Zn, S, P (right). For the cathodically charged sample, Zn and S form 
a layer directly on the substrates surface while in addition an iron-oxide layer forms on top of it.. 


raceway and the additives of the lubricant formulation. The element 
distribution of the cathodically tested sample shows that the reaction 
layer consists of two sections. Conversely, a zinc film has formed directly 
on the metallic surface, complemented by the element sulphur (Fig. 13). 
Above the zinc-sulphur layer, an iron-oxide layer has formed. 

Similarly, sample #16 was tested under cathodic conditions but with 
a higher current density of 0.37 A/mm?. Furthermore, a SRR of —8% 
was superimposed. In the STEM image, the lamella exhibits a distinctly 
inhomogeneous tribological surface. The continuous reaction layer is 
uneven and is supplemented by deformation layers, attributed to the 
higher current intensity. Also, a fine crystalline layer is visible directly 
under the reaction layer, interspersed with black particles. A pro- 
nounced deformation layer consisting of a refined microstructure cannot 
be detected here either. 

Secondly, tests #25 and #20 were investigated as they possess 
identical test conditions as tests #6 and #16 but were tested under 
anodic charging. Sample #25 was tested under an electrical current 
density of 0.10 A/mm?. All additional test conditions and results are 
listed in Table 3. A reaction layer can be identified in the upper part of 


STEM-HAADF 


300 


a 


the tribological surface (Fig. 12). The reaction layer covers an uneven, 
rough deformation layer. Notably, the sample hardly shows the fine 
crystalline layer interspersed with black particles present in both 
cathodically charged samples. 

In contrast to the cathodic lamellae, the lamella from test #25 has a 
distinct deformation layer with a refined microstructure. The EDX re- 
sults are shown in Fig. 14. Here the reaction layer contains the elements 
iron (Fe), magnesium (Mg), oxygen (O), zinc (Zn), sulphur (S) and 
phosphorus (P). In contrast to sample #16, the element distribution in 
the reaction layer is homogenous and does not contain two sections as 
no iron-oxide layer could be detected. Furthermore, the iron map in- 
dicates abrasive particles on top of the formed reaction layer (Fig. 14). 

The near-surface zone of sample #20, conducted under an electrical 
current density of 0.37 A/mm, contains a consistent reaction layer 
covering a strongly deformed and refined microstructure. The destroyed 
microstructure contains many horizontal cracks in the lower section of 
the lamella. The horizontal cracks show a good agreement with the 
EBSD measurements of Fig. 14 and are only seen in anodically charged 
samples. However, it is clearly seen that carbides remain stable near the 
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Fig. 14. STEM-HAADF image of the anodic sample #25 (left) and TEM EDX mapping of Fe, O, C, Zn, S, P (right). In contrast to the cathodically charged sample, in 
the anodically charged samples no discrete Zn/S layer formation takes place on the rollers surface. The content of all elements is spread within the reaction layer. 


Also, there is no iron signal in the reaction layer but an increase of phosphor. 
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Fig. 15. EDX mappings of oxygen and zinc mapped on a STEM-HAADF image as a comparison for the different layer formation behaviour of the two samples #6 


(left) and #25 (right) in TEM. 


surface for all samples. 

Finally, the EDX measurements of tests #16 and #20 are compared 
in Fig. 15, i.e., a test carried out under cathodic charging is compared to 
a test with anodic charging. In particular, the two elements zinc and 
oxygen were plotted. The different structures of the two reaction layers 
are visible. The reaction layer of the cathodic sample (left) consists of 
two layers. The surface of the material is covered with zinc. Fig. 15 
shows that the zinc together with sulphur forms a covering layer over 
the steel matrix. The following layer on top consists of oxygen and iron 
and can be regarded as an iron-oxide layer. The EDS mappings were 
quantified using Bruker Esprit 2.1 software. The iron oxides found were 
FeO and Fe203 [49]. In contrast, the reaction layer of the anodically run 
sample (right) consists of a layer composed of zinc and oxide. Further- 
more, the elements magnesium, sulphur and phosphorus are present. 


4. Discussion 


4.1. Formation values of WEA/WEC under the influence of electrical 
current 


In literature, there are several studies regarding the formation of 
WEA/WEC under the influence of electrical current [21,26,30-33,50, 
51]. The investigations can be categorised into small electrical currents 
(<1 mA), often triggered by an electrostatic charge of the belt drive, and 
high electrical currents (>10 mA) [32,36]. The electrostatic charging 
tests showed that the cathodically charged site is primarily susceptible 
to WEA/WEC formation. Furthermore, a strong dependency on the 
utilised lubricant and additives was found [21,32]. In contrast, the test 
results regarding high electrical currents indicate that the tested lubri- 
cants do not play a major role in the formation of WEA/WEC [21]. 

It is also notable that previous investigations are mainly conducted 
on bearing test rigs, making it more complicated to control and assess 
the drivers individually. Furthermore, the majority of the findings are 
evaluated mainly by the electrical current intensity only. However, the 
electrical charging is heavily dependent on the number of contact 
partners. Therefore, a general statement is only valid when considering 
the electrical current and the passing cross-section, for example, in the 
results presented here. 

In this study, the testing of 26 samples using the RCF test rig showed 
that electrical current densities between 0.10 A/mm? and 0.75 A/mm? 
could provoke WEA/WEC formation. Generally, an increase in the 
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electrical current density resulted in decreased contact cycles due to 
WEA/WEC induced pitting. Considering the 26 tests, an electrical cur- 
rent density of 0.10 A/mm? in combination with a Hertzian pressure of 
1050 MPa and an SRR of — 8% can be considered an established and 
known lower value for WEA/WEC formation under DC. To the authors 
knowledge, only tribometer tests with an electrical density of 0.20 A/ 
mm? have so far led to WEA/WEC formation. The tests in Ref. [28] were 
carried out at increased Hertzian pressures of 1900 MPa and a critical 
SRR of 30%, which does not reflect any conditions found in practice. 
Furthermore, Wang et al. [52] showed on a TE74 twin-disc test rig that a 
WEA/WEC formation is expected at an applied voltage of 10 V and 
current densities of 250 pA/mm?. However, the other tribological con- 
tact parameters were more severe than the present study. Thus, with a 
Hertzian pressure of 2500 MPa and slip values of —15%, a WEA/WEC 
formation was generated. 

Furthermore, the tests with an SRR of 0% show that no additional 
slip has to be present for WEA/WEC formation under the influence of 
electrical current. 


4.2. Influence of varied parameters on microstructural alterations 


4.2.1. Electrical current density 

With regard to the influence of the electric current intensity, the tests 
show that with an increasing electric current density, the number of 
contact cycles until WEA/WEC failure occurs tends to decrease. In the 
tests with additional slip, an increase in the electrical current density 
from 0.10 A/mm? to 0.37 A/mm? led to a decrease of the contact cycles 
until WEA/WEC failure occurred by at least a factor of three. However, 
the influence of the electrical current density on the contact cycles de- 
creases when passing the electrical current density of 0.37 A/mm?. 
These findings indicate that above a specific current density the damage 
mode of electrical erosion overlaps with the WEA/WEC formation, and 
the electric current damages the surface of the test specimen to such an 
extent that it soon fails. 

In addition, our findings display that an electrical current density 
greater than 0.75 A/mm? can lead to a failure caused by electrical 
erosion of the raceway surface. It is noteworthy that electrical dis- 
charges at lower current densities can lead to severe surface damage, but 
carbides are not harmed, as shown in Fig. 12. The intact carbides in the 
surface layer investigated in TEM indicate that the decomposition of the 
cementite precipitates is not trigged solely by a combination of electrical 
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current and mechanical load in the contact. 

The tribological surface investigations of the cathodically charged 
samples display that an increase of the electrical current density from 
0.10 A/mm? to 0.37 A/mm? strongly affects and attacks the surface 
layer. The “elevated” deformation layers are most likely a result of 
melting effects, which occur more frequently due to the increased cur- 
rent density or electrical discharges. Significantly more substantial dif- 
ferences can be observed in the anodically charged samples. Here, the 
increased current density led to a strong disruption of the near-surface 
microstructure and horizontal cracks below the running surface. 


4.2.2. Hertzian pressure 

The test series with a stepwise reduction of the Hertzian pressure 
(Table 3) displayed that even comparatively low Hertzian pressures of 
1050 MPa can lead to WEA/WEC formation when a direct electrical 
current is present. If the material is exposed to an additional driver such 
electric current for a sufficiently long time, the Hertzian pressure does 
not decisively trigger the formation of WEA/WEC. Instead, the electrical 
current combined with the mechanical stresses of over-rolling can lead 
to heavy plasticity in the near-surface and subsurface areas. We could 
not find any direct influence of the Hertzian pressure on the depth po- 
sitions of the WEA/WEC. 


4.2.3. Slip 

The results regarding the influence of the slip state towards WEA/ 
WEC formation show that the slip is not the determining (triggering) 
WEA/WEC formation factor. Even without any additionally applied slip 
WEA/WEC was formed. Instead, a reduction of the SRR resulted in a 
significant extension of the testing times. We detected that a grain 
development occurred due to the extended contact cycles. In particular, 
the grain development resulted in elongated grains that showed crys- 
tallographically preferred orientations. Grain shapes were fitted to the 
plane traces of {110} in <111> direction which indicates gliding on the 
{110} plane in <111> direction. This is in agreement with [47] who 
investigated 30° crystal orientation on {112}<111> and [9] who fitted 
the plane traces of {112} to the grain shape of the inspected elongated 
grains. 

The authors assume that slip influences the occurrence of WEA/WEC 
induced failure in two ways. Firstly, slip supports the damage of the 
reaction layer and the creation of fresh nascent metal surfaces. These 
steel surfaces act as a catalyst for tribo-chemical reactions and as 
possible adsorption sites of hydrogen radicals. The hydrogen radicals 
can migrate into the material and enhance the formation of WEA/WEC. 
In Özel et al., diffusible hydrogen was able to promote the formation of 
WEA/WEC [9]. Accordingly, a decrease in slip could lead to a lower 
desorption rate of diffusible hydrogen into the material since fewer 
nascent steel surfaces as hydrogen adsorption sites are available. Hence, 
extended testing times are necessary to achieve a required concentration 
of diffusible hydrogen in the material and yield local plasticity. Sec- 
ondly, under negative slip, the volume material experiences higher and 
alternating stresses from the Hertzian pressure, the traction force, and 
the temperature of the contact zone temperature [53]. This can accel- 
erate the formation and growth of WEA/WEC. 


4.2.4. Polarity 

The direction of the electrical current flow had an influence on the 
contact cycles of the samples which failed due to WEA/WECs. The 
anodically charged samples failed earlier than the cathodically charged 
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ones. These results are in good agreement with the bearing test rig in- 
vestigations in Refs. [30,33]. The SEM investigations showed that the 
anodic polarity, in addition to the formation of WEA/WEC, led to heavy 
plastic deformations and cracks in the near-surface regions of the race- 
way (Fig. 11). A grain refinement became apparent, which was also 
evident in the TEM investigations by means of a more pronounced 
deformation zone. The structure of the reaction layer varied between the 
cathodically and anodically charged samples. The reaction layer of the 
cathodic sample consisted of a two-layer structure (Zn/S and FeO), 
whereas the reaction layer of the anodic sample comprised only one 
homogeneous layer containing of the elements of the lubricant. The 
different structures can be attributed to tribo-chemical processes in the 
contact, which occur under electric DC. Gangopadhyay et al. [54] 
showed that the reaction layer composition and the wear rate of the 
rolling partners could differ depending on the direction of the current 
flow. Thereby, a higher wear rate exists on the anodic site. This is 
attributed, in part, to the fact that the additives of the lubricant disso- 
ciate into cations and anions under electric current flow. Consequently, 
the cations are primarily attracted to the cathode and the anions to the 
anode. Hence, the composition of the reaction layer is influenced by the 
preferential deposition of the ions. Remarkably, it was shown that an 
increased concentration of Zn was deposited at the cathodic site. 
Therefore, the different wear rates are attributed to the changed element 
composition of the reaction layer. This explains in part why in our study 
a distinct layer containing Zn and S formed on the surface of the cathodic 
sample, as shown in Fig. 13. Furthermore it was shown that the oxida- 
tion process of ZDDP can be influenced by an oxidation potential [55]. It 
could be imagined that the oxidised Zn migrates to the cathode during 
the decomposition of ZDDP due to the polarity. 

The authors cannot fully explain the horizontal cracks directly below 
the surface. Possibly the electrical arcing led to a significant roughening 
of the surface and vibrations in the contact resulting in alternating 
stresses in the near-surface area and to the initiation of cracks. Alter- 
natively, an increased hydrogen accumulation on the anodic side 
compared to the cathodic side could have led to these cracks. It is well 
known that diffusible hydrogen can facilitate the formation of voids and 
cracks under RCF [56]. In the experiments by Mikami et al. [30] it could 
be shown that increased wear occurs on the anodic side of the test 
bearing and ultimately lead to the formation of WEA/WEC. The authors 
assumed that the WEA/WEC failures under electric current passage are 
related to diffusible hydrogen and that the nascent surfaces exposed by 
the electric current passage promote the formation of diffusible 
hydrogen. This also fits well into the context of the reaction layers 
observed here and its presumed wear behaviour according to Ref. [54]. 


4.3. Discussions on the formation of WEA/WEC 


The microstructure investigations showed a breakdown of the 
martensitic microstructure and the formation of nanocrystalline 
microstructure (WEA) below the raceway. The formation of the nano- 
crystalline structure can be attributed to high local plastic deformation 
[9]. In the studies presented, it is considered that the electrical current 
introduced into the rolling contact is aiding to the local plasticity needed 
for the formation of the WEA/WEC. 

Firstly under the tribological contact conditions set here, a WEA/ 
WEC formation without an electric current flow could not be confirmed, 
as shown in Ref. [48]. Secondly, in our study a significant reduction of 
the mechanical parameters Hertzian pressure and slip led only to higher 
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WEA/WEC contact cycles but not to a complete suppression of the 
WEA/WEC failures. Therefore, these two parameters cannot be alone the 
cause of enhanced dislocation movement, which eventually leads to 
local plasticity. 

Rather, it appears that the electrical current leads to local events in 
the near-surface area, which in turn can promote the local plasticity in 
the subsurface microstructure. On the surface, the electric discharges 
can lead to flash temperatures, damages of the raceway and a change of 
the reaction layers appearance. 

The investigations in Refs. [30,31,33] under the influence of elec- 
trical current lead to the conclusion that due to the electrical current free 
hydrogen radicals are formed from lubricant decomposition, which can 
then diffuse into the material. The lubricant used here is known to in- 
crease the diffusible hydrogen content in the material under the specific 
tribological contact conditions of an FE8 test rig [35]. Furthermore in a 
comparable study [57], the authors were able to show that under the 
conditions investigated in this study, a tendential increase in diffusible 
hydrogen in the specimen can be expected. 

However, in Refs. [28,58] it is reported that a WEA/WEC damage 
can also occur using a fully fluorinated oil which minimizes the realease 
of hydrogen. 

Inside the newly formed microstructure, the carbides are dissolved, 
leading to a diffusion of the elements carbon and chromium. The pre- 
sented carbon EDX measurements showed that the carbon is homoge- 
neously distributed in the WEA. But, the carbon content cannot be 
quantitatively resolved due to the limitations of measuring light ele- 
ments with the EDX technique. Wavelength dispersive spectroscopy and 
Atom Probe Tomography investigations in Refs. [20,59] showed that the 
carbon content of the WEA could be enriched, depleted or at the same 
level as the martensite matrix. However, the WEA possesses in most 
cases a lower carbon content than the initial matrix [21,46]. 

In contrast, the chromium EDX measurements displayed features 
with increased chromium intensity within the WEA. The elevated frac- 
tions are slightly smeared and are located at the position of the former 
carbides. These areas are characterised by a particularly fine nano- 
crystalline microstructure attributed to the surplus of carbon from the 
dissolved carbides, which stabilised the nanometre sized grains, as 
described in Ref. [20]. The findings are in line with previous studies [9, 
59]. In Ref. [47] at higher loads and after higher number of contact 
cycles, chromium is largely homogenised within the microstructurally 
altered area. The results suggest that the dissolution of the carbides is 
subject to both a thermally and mechanically induced diffusion process. 
The carbon diffusion is temperature-controlled, while the chromium 
distribution is mechanically stimulated. The gradual dissolution of the 
spherical carbides and the diffusion processes of chromium and carbon 
can also be attributed to local plastic deformation of the material, which 
causes an instability of the carbides. 

Within the WEA, globular ferrite grains, as well as elongated grains, 
could be found. The elongated grains of this study and those in Refs. [9, 
47] have similar preferred crystal orientations. It is evident that dislo- 
cation slip can occur in the newly formed bcc cells during the grain 
growth. 


5. Summary 


In the present work, extensive experimental tests on a modified ZF 
type RCF test rig examined the influence of WEA/WEC driving factors 
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such as electrical current, Hertzian pressure, slip and polarity, and their 
combination systematically. 
The following aspects can be concluded from the investigations: 


e Electrical current densities of 0.10 A/mm? in combination with a 
Hertzian pressure of 1050 MPa and an SRR of —8% lead to WEA/ 
WEC formation under DC. Furthermore, electrical current densities 
greater than 0.75 A/mm? lead to a failure caused by electrical 
erosion of the raceway. 

e No additional slip has to be present for WEA/WEC formation under 
the influence of electrical current. 

e The structure of the reaction layers in the investigated region varied 
between the cathodically and anodically charged samples. The re- 
action layer of the cathodic sample consisted of a two-layer structure, 
whereas the reaction layer of the anodic sample comprised only one 
layer. This is attributed, in part, to the fact that the additives of the 
lubricant dissociate into cations and anions under electric current 
flow. Hence, the composition of the reaction layer is influenced by 
the preferential deposition of the ions. Remarkably, a zinc-sulphur 
and iron-oxide film has formed on the metallic surface of the 
cathodically charged sample. 

e The formation of the nanocrystalline structure can be attributed to 
high local plastic deformation. Within the newly formed micro- 
structure the carbides are dissolved leading to a diffusion of the el- 
ements carbon and chromium. The results suggest that the 
dissolution of the carbides is subject to both a thermally and me- 
chanically induced diffusion process. 
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Appendix 


Fig. 16. Metallographic investigations of samples #1, #2, #4, #6 and #11. LOM and SE images of the loaded and damaged raceways are shown. Furthermore, the 
corresponding cross-sections in an uneteched and etched state. 


Fig. 17. SEM investigation of the roller’s surfaces of sample #4 and #25. Both tribofilms show a patchy occupancy; the cathodic surface seems denser, whereas the 
anodically charged sample #25 exhibits fewer but larger tribofilm islands This may be due to the different electrical polarities that cause the additives to react to the 
surface differently. 
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